Background: An asymmetric dimer of ErbB kinases in which one kinase activates the other is essential for ErbB activity. Results: A hierarchy of ErbB kinase activator-receiver preferences is mediated by intracellular regions. Conclusion: Intracellular ErbB asymmetry shapes signaling output from ErbB heterodimers but is not coupled to extracellular asymmetry. Significance: The signaling output from an ErbB varies with different partners and ligands.
The EGF receptor (EGFR) 2 is the founding member of the class I family of receptor tyrosine kinases (1, 2) and is composed of an extracellular ligand-binding region, a single membranespanning helix, a cytoplasmic tyrosine kinase domain, and a C-terminal ϳ230-amino acid non-globular tail that contains several sites of tyrosine phosphorylation (3, 4) . The EGFR family comprises four homologs in humans: EGFR (ErbB1/HER1), ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4). Each ErbB is essential for normal development, and abnormal ErbB activity is associated with several cancers (3, 5, 6) . Eleven EGF-like ligands are known to bind and activate one or more ErbB proteins by promoting formation of specific ErbB homo-or heterodimers (6, 7) . In addition to active ErbB1 and ErbB4 homodimers, evidence exists for active forms of all possible ErbB heterodimers (6, 8 -10) .
ErbB2 and ErbB3 are atypical in that ErbB2 has no known ligand and ErbB3 has negligible kinase activity (6) . ErbB2 is the preferred dimerization partner of each of the other ErbB proteins, however, and the ErbB2/ErbB3 heterodimer in particular mediates highly potent cell growth signals (8, (11) (12) (13) . Crystal structures of ErbB extracellular regions rationalized the unique properties of ErbB2 (14, 15) . In the absence of ligand, the ErbB1, ErbB3, and ErbB4 extracellular regions adopt a tethered conformation in which a loop from domain II contacts a pocket in domain IV (16 -18) . In this tethered conformation, ligandbinding surfaces on domains I and III are held apart. Ligand binding requires breaking the domain II/IV contact to bring domains I and III together and stabilize an extended conformation in which the loop from domain II is exposed and free to mediate receptor dimerization (Fig. 1) . The ErbB2 extracellular region adopts a constitutively extended conformation with a direct contact between domains I and III and an exposed domain II loop (19) . ErbB2 is thus capable of dimerizing with other ErbB proteins without binding ligand itself. Previous structural analyses of Drosophila EGFR and human ErbB proteins have uncovered the significance of an ϳ30°difference in the relative orientation of domains I and III in ErbB2 versus ligand-bound ErbB proteins (19 -22) , which rationalizes the absence of ErbB2 homodimers and indicates the presence of conformational asymmetry in the extracellular regions of ErbB2-containing ErbB heterodimers. Mutagenesis studies imply the presence of similar active asymmetric homodimers of ErbB1 and ErbB4 in which only one ErbB subunit binds ligand (22) .
Asymmetric dimerization of ErbB intracellular juxtamembrane and kinase domains is also an essential feature of active ErbB proteins (23) (24) (25) . In the asymmetric kinase dimer, the C-terminal lobe of one kinase contacts the N-terminal lobe of the other kinase and stabilizes it in an active conformation. The kinase contributing the C-terminal lobe contact is thus known as the "donor" or "activator" kinase, and the kinase contributing the N-terminal lobe contact is known as the "acceptor" or "receiver" kinase. Only the receiver kinase is believed to be active within asymmetric dimers, and it phosphorylates the C-terminal tail of the activator kinase in trans owing to its proximity to the receiver kinase active site (25) . The nomenclature can be confusing, as the C-terminal tail of the activator kinase is a substrate of the receiver kinase, and its phosphorylation is often used as an indicator of receiver kinase activity. To minimize confusion, we will use the activator-receiver versus donoracceptor terminology. Although much is known about the conformation of isolated ErbB extracellular, transmembrane, and kinase regions in the active state, precisely how extracellular dimerization promotes formation of active asymmetric kinase dimers (or how asymmetric kinase dimers are prevented in inactive states) is not well understood.
It was recently reported that ErbB2 fails to phosphorylate kinase-deficient ErbB1 in ErbB1/ErbB2 heterodimers (26) . This observation implies that ErbB2 prefers the activator position when paired with ErbB1, and it was speculated that the distinct unliganded conformation of the ErbB2 extracellular region could be coupled to this preferential kinase conformation. Owing to the presence of unliganded ErbB proteins in active asymmetric homodimers, coupling of extracellular and intracellular asymmetry could be a general feature of ErbB dimers. To test whether extracellular asymmetry is indeed coupled to intracellular asymmetry in ErbB dimers ( Fig. 1B) or whether the intrinsic asymmetry of the ErbB1 and ErbB2 kinases is sufficient to drive the preference of the ErbB2 kinase for the activator position, we created chimeric ErbB proteins in which the extracellular region of one ErbB was spliced onto the transmembrane and intracellular regions of another ErbB. Coexpressing these chimeric ErbB proteins with native and kinasedeficient ErbB variants demonstrated that the intracellular regions alone are sufficient to determine relative preferences for the activator or receiver position and that intracellular ErbB asymmetry is not coupled to extracellular asymmetry. Furthermore, we uncovered a hierarchy of activator-receiver preference in which ErbB1 is the strongest receiver, followed by ErbB2 and then ErbB4, which appears to function as a receiver when paired only with itself in homodimers or with ErbB3. As this hierarchy determines which kinases will become active and which C-terminal tails will become phosphorylated within specific ErbB heterodimers, the extent of ErbB cross-talk and the nature of signaling output from a given ErbB will vary depending on the stimulating ligand and coexpressed ErbB proteins.
EXPERIMENTAL PROCEDURES
Materials and Plasmids-Plasmids encoding full-length human ErbB1, ErbB2, and ErbB4 were generated by cloning between XbaI and BssHII sites in pACTIN-SV, a vector that drives expression through use of an insect actin promoter (27) . Kinase-deficient mutations (ErbB1-D837N, ErbB2-D845N, and ErbB4-D843N) and N-and C-terminal lobe activator/receiver interface mutations (ErbB2-I714Q and ErbB2-V956R) were generated using the Phusion site-directed mutagenesis kit protocol (Thermo Scientific). The sequences of all expressed genes were determined and validated. To generate the chimeric ErbB1/ErbB2 receptors, an MfeI restriction site was introduced in the nucleotide sequence encoding the ErbB1 amino acid sequence SIA (residues 645-647). The B1b2 chimera included amino acids 1-644 of ErbB1 and amino acids 653-1255 of ErbB2. The B2b1 chimera included amino acids 1-652 of ErbB2 and amino acids 645-1210 of ErbB1. Numbering begins with the first amino acid of the signal sequence. EGF and neuregulin-1␤ (NRG1␤) were expressed and purified from Escherichia coli as described previously (22) .
Cell Culture, Transfection, and Expression-S2Rϩ cells were grown at 25°C in homemade protein-free insect medium (28) . 12 h prior to transfection, 1 ϫ 10 6 cells were plated in each well of a 6-well plate and allowed to adhere. 0.5 g of each indicated expression plasmid was then transiently transfected into the cells in each well using Effectene (Qiagen) according to the manufacturer's protocol. Transfected cells were allowed to grow for 36 h prior to stimulation.
ErbB Stimulation Assays-For each ErbB combination, S2Rϩ cells were transfected in duplicate (2 wells) or triplicate (3 wells) for EGF or NRG1␤ stimulation or unstimulated control. For stimulation, the indicated ligand was added directly to insect cell medium at a final concentration of 100 ng/ml EGF or 1000 ng/ml NRG1␤ and incubated at room temperature for 5 min. Cells were then washed with phosphate-buffered saline and lysed in radioimmune precipitation assay buffer (25 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, and 1 mM EDTA) supplemented with 5 M lapatinib, 0.5 mM activated Na 3 VO 4 , 1 mM PMSF, and 250 units Benzonase nuclease (Sigma). Lapatinib and vanadate were included to prevent kinase and phosphatase activity, respectively, during lysis.
Immunoblotting and Detection-Whole cell lysates were normalized for total protein concentration using the BCA protein assay kit (Thermo Scientific). Lysates were separated on 7.5% polyacrylamide gels containing SDS and transferred to PVDF membranes for immunoblotting. Blots were treated in order with the indicated primary antibody and a horseradish peroxidase-conjugated secondary antibody and developed by chemiluminescence exposure to film.
RESULTS

Functional Human ErbB Proteins Can Be Expressed in S2Rϩ
Cells-To investigate the behavior of human ErbB proteins in a cell line devoid of cross-reactive ErbB proteins, we transiently expressed wild-type and variant forms of these receptors in Drosophila melanogaster S2Rϩ cells. All human ErbB proteins except ErbB3 expressed well in these cells and became phosphorylated in response to appropriate ligands ( Fig. 2B ). Transfection conditions were adjusted to maintain expression levels below ϳ100,000 receptors/cell to minimize complications from receptor overexpression ( Fig. 2A ). Phosphorylation of transfected ErbB proteins was assessed by Western blotting with ErbB site-specific anti-phosphotyrosine antibodies. Low-level ligand-independent ErbB phosphorylation was observed in some experiments. These signals were generally at least 20-fold lower than ligand-stimulated phosphorylation responses in comparable experiments.
ErbB1 Kinase Preferentially Serves as the Receiver Kinase When Paired with ErbB2-Wild-type and kinase-deficient variants of ErbB1 and ErbB2 expressed independently behaved as expected when expressed in S2Rϩ cells: only ErbB1 became phosphorylated in the presence of EGF ( Fig. 2B ), but both ErbB1 and ErbB2 became phosphorylated in the presence of EGF when coexpressed ( Fig. 2B) . Curiously, as observed previously (26), loss of ErbB1 (but not ErbB2) kinase activity resulted in loss of ligand-dependent phosphorylation of both ErbB1 and ErbB2 in coexpression experiments (Fig. 2B, lanes 11 and 12) . This loss was observed for all five sites in the ErbB1 tail assessed with site-specific antibodies (Fig. 2C) . ErbB1 thus appears able to phosphorylate kinase-deficient ErbB2, but not vice versa (Fig. 2 , D and E). As ErbB phosphorylation occurs in trans (29) , this confirms that the ErbB1 kinase preferentially adopts the receiver position and ErbB2 adopts the activator position in ErbB1/ErbB2 heterodimers in this system ( Fig. 2F ). (49) and SkBR3 cells (1.26 ϫ 10 6 ErbB2 receptors/cell) (50) . B, Western blots of whole cell lysates from S2Rϩ cells transiently transfected with wild-type and kinase-deficient (KD) forms of ErbB1 (B1) and ErbB2 (B2) and then treated with EGF (ϩ) or left untreated (Ϫ). Antibodies against phospho-Tyr 1068 (pY1068; ErbB1), phospho-Tyr 1221/1222 (pY1221/2; ErbB2), and the ErbB1 (B1-Cyto) and ErbB2 (B2-Cyto) cytoplasmic regions were used as indicated. C, similar Western blots as in B but utilizing antibodies specific for the indicated phosphotyrosines in ErbB1 as well as a general anti-phosphotyrosine antibody (4G10). D and E, schematic representations of phosphorylation patterns observed in A. Phosphorylation is indicated by black dots. F, schematic showing the preference of ErbB2 to serve as the activator kinase when paired with ErbB1.
ErbB1 and ErbB2 Intracellular Regions Determine Kinase
Activator-Receiver Preference-To test whether the unliganded ErbB2 extracellular region directs the preference of the ErbB2 kinase for the activator position when paired with ErbB1 (26), chimeric ErbB variants with the ErbB1 extracellular and ErbB2 transmembrane and intracellular regions (B1b2) or ErbB2 extracellular and ErbB1 transmembrane and intracellular regions (B2b1) were created ( Fig. 3A ). Both chimeras expressed, and B1b2 (but not B2b1) became phosphorylated in response to ligand when expressed alone ( Fig. 3B ). B1b2 phosphorylation in response to ligand demonstrated that the ErbB2 intracellular region is capable of serving as both the receiver and activator kinase when paired with itself; B2b1 presumably failed to become phosphorylated owing to its inability to bind ligand ( Fig. 3C ). Introduction of either N-terminal lobe receiver surface or C-terminal lobe activator surface mutations into B1b2 disrupted signaling, but coexpression of these two B1b2 variants restored activity (Fig. 3 , D and E), indicating that B1b2 relies on the classical ErbB1 asymmetric kinase dimer for signaling (25) . Also of note, the basal phosphorylation level of the B2b1 chimera was slightly elevated compared with wild-type ErbB1 (Fig. 3B) , hinting that the ErbB2 extracellular region may be less able to autoinhibit the ErbB1 kinase. Surface biotinylation experiments (data not shown) showed that a substantial fraction of B2b1 was expressed on the cell surface, and B2b1 migrated on SDS-PAGE at a position consistent with normal glycosylation. These observations suggest that misfolding of B2b1 is unlikely to explain its basal activity.
Combined expression of ErbB1, ErbB2, B1b2, B2b1, and their kinase-deficient variants demonstrated that the preference of the ErbB2 kinase to adopt the activator position when paired with ErbB1 is intrinsic to the ErbB1 and ErbB2 transmembrane and intracellular regions and is not coupled to the extracellular regions ( Fig. 4 ). First, unlike ErbB2, the B2b1 kinase was capable of serving as the receiver kinase and phosphorylating kinasedeficient ErbB1 (Fig. 4A, lanes 11 and 12) . The ErbB2 extracellular region thus does not confer a preference for the activator position to its associated kinase. Conversely, the ErbB2 kinase became able to serve as the receiver kinase and phosphorylate its partner when paired with kinase-deficient B1b2 (Fig. 4A,  lanes 13 and 14) . Thus, removing intracellular differences within an ErbB1/ErbB2 heterodimer by making intracellular regions homodimeric removes the preference of one partner to be the activator or receiver kinase. Furthermore, kinase-deficient B1b2 was phosphorylated when coexpressed with B2b1 (Fig. 4A, lanes 7 and 8) , demonstrating that the B2b1 kinase is capable of serving as the receiver kinase despite the inability of its extracellular region to bind ligand.
Contrary to expectations based on a model in which the ErbB2 kinase strictly adopts the activator position when paired with an ErbB1 kinase, weak ligand-dependent phosphorylation of either B2b1 or kinase-deficient B2b1 was observed when coexpressed with B1b2 (Fig. 4A, lanes 5, 6, 9, and 10 ). The B1b2 kinase was able to serve as the receiver kinase when paired with the ErbB1 intracellular region in these instances (Fig. 4B) . A possible explanation for this apparent role reversal relative to non-chimeric ErbB1 and ErbB2 pairings is that, in this case, the B1b2 intracellular region was able to autophosphorylate through homodimerization owing to its ability to bind ligand (Fig. 3B, lanes 3 and 4) . A difference between ErbB2 and B1b2 is that B1b2 is capable of autophosphorylation, and this phosphorylation and/or the consequent interaction with cytoplasmic factors may influence the relative ability of the B1b2 kinase (or ErbB kinases in general) to serve as the activator or receiver kinase (Fig. 4D) .
To test whether C-terminal tail phosphorylation enables the ErbB2 kinase to serve as the receiver when paired with ErbB1, we examined the activity of a B1b2 variant in which five C-terminal tail phosphorylation sites were substituted with phenylalanine (30) . These mutations did not prevent B1b2 from being phosphorylated at alternative sites and had no effect on the chimeric B1b2 kinase receiver activity when paired with B2b1 ( Fig. 5 ), however.
ErbB2 Kinase Preferentially Serves as the Receiver Kinase When Paired with ErbB4 -In contrast to kinase-deficient ErbB1, when kinase-deficient ErbB4 was coexpressed with ErbB2, it became phosphorylated in a ligand-dependent manner ( Fig. 6, A, lanes 11 and 12; and B) . When ErbB4 was coexpressed with wild-type or kinase-deficient ErbB2, however, ErbB2 was not phosphorylated in the presence of ligand (Fig.  6A, lanes 7-10) . These observations are consistent with ErbB2 preferring to serve as the receiver kinase when paired with ErbB4. This result was at first surprising owing to its contrast with the behavior of ErbB1 when paired with ErbB2. However, ErbB4 is most closely related to the pseudokinase ErbB3 (Fig.  6C) , which must function predominantly as an activator due to its weak or nonexistent kinase activity (31) (32) (33) . This result may also seem surprising, as the ErbB4 ligand NRG was originally purified based on its ability to stimulate ErbB2 phosphorylation (34, 35) . The cells used in these assays, MDA-453 or MCF-7 cells, have subsequently been shown to express ErbB3 (36, 37) , however, and cotransfection of ErbB3 into COS-7 cells with ErbB2 results in NRG-dependent ErbB2 phosphorylation (38) , likely through ErbB3-dependent higher order oligomers of ErbB2 and ErbB3 (39) . The NRG-dependent ErbB2 phosphorylation observed in earlier experiments thus likely stems from the presence of ErbB3 or some other factor.
Attempts to show that the preference of the ErbB4 kinase to serve as the activator kinase relative to ErbB2 is independent of the extracellular regions were hindered by the constitutive activity of the ErbB4 intracellular region when appended to the ErbB2 extracellular region (data not shown). This activity is reminiscent of the higher basal activity of B2b1 and hints again that the ErbB2 extracellular region may be less able to inhibit the intrinsic kinase activity of other ErbB proteins.
This preference of the ErbB4 kinase to serve as the activator when paired with ErbB2 was also surprising, as we presumed that phosphorylating the ErbB2 C-terminal tail and engaging its downstream effectors would be needed to distinguish the response of cells expressing ErbB2 and ErbB4 from those expressing ErbB4 only and provide selective pressure for coexpression. We note, however, that although ErbB2 is not strongly phosphorylated when paired with ErbB4, it is functioning as a receiver kinase and likely phosphorylating non-ErbB substrates (40) . This activity would diversify the ligand-dependent responses of ErbB4 only-expressing cells from cells expressing ErbB4 and ErbB2 and provide basis for selection of coexpression of ErbB2 and ErbB4.
ErbB1 Kinase Preferentially Serves as the Receiver Kinase When Paired with ErbB4 -ErbB1 and ErbB4 are able to heterodimerize as evidenced by EGF-dependent phosphorylation of ErbB4 and NRG1␤-dependent phosphorylation of kinasedeficient ErbB4 when coexpressed with ErbB1 (Fig. 7A, lanes  5-10) . Neither ErbB1 nor kinase-deficient ErbB1 was phosphorylated in response to the ErbB4 ligand NRG1␤ when coexpressed with ErbB4 (Fig. 7A, lanes 5-10) , however, suggesting that ErbB1 preferentially serves as the receiver kinase in ErbB1/ ErbB4 heterodimers. Consistent with ErbB1 preferring the receiver role when paired with ErbB4, kinase-deficient ErbB4 was phosphorylated in response to EGF or NRG1␤ when coexpressed with ErbB1. Phosphorylation of ErbB1 in response to EGF when coexpressed with ErbB4 likely stems from ErbB1 homodimers (Fig. 7B) , and the inability of phosphorylated ErbB4 to serve as the receiver kinase when paired with ErbB1 distinguishes ErbB4 from ErbB2.
DISCUSSION
It has recently been recognized that ErbB2-containing heterodimers and active ErbB homodimers with a single ligand bound likely resemble asymmetric Drosophila EGFR dimers with a single high-affinity ligand bound (21, 22) . In addition to an asymmetric dimer of ErbB kinases (23-25), ErbB extracellular regions in active, singly ligated ErbB heterodimers are also conformationally distinct. The observation by Pike and co-workers (26) that ErbB2 fails to phosphorylate kinase-deficient ErbB1 implies that the ErbB2 kinase preferentially serves as the activator kinase in ErbB1/ErbB2 heterodimers, and it was suggested that that the distinct unliganded conformation of the ErbB2 extracellular region may couple to the intracellular region and drive its preference for being the activator kinase. To test whether extracellular asymmetry in active ErbB proteins is indeed coupled to intracellular asymmetry (or perhaps determined by the intrinsic variation of ErbB1 and ErbB2 kinase regions), we created chimeric ErbB proteins with the extracellular region from one ErbB and the transmembrane and intracellular regions from another.
Coexpression of wild-type and kinase-deficient forms of native and chimeric ErbB proteins showed that ErbB transmembrane and intracellular regions are sufficient to determine the preference of specific ErbB kinases to serve as the activator or receiver kinase. Extracellular asymmetry is thus not coupled to intracellular asymmetry, consistent with mutagenesis results showing a loose coupling between ErbB1 extracellular and intracellular regions (41) . In addition to confirming that the ErbB2 kinase preferentially serves as the activator kinase when paired with ErbB1, we have shown that the ErbB2 and ErbB1 kinases preferentially serve as the receiver kinase when paired with ErbB4. These results uncover a consistent pattern in which ErbB1 has the strongest propensity to serve as the receiver kinase, followed by ErbB2 and then ErbB4. The ErbB1, ErbB2, and ErbB4 kinases are each capable of functioning as the receiver and activator kinase as evidenced by active ErbB1 and ErbB4 homodimers and the activity of the B1b2 chimera. Our inability to express ErbB3 in S2Rϩ cells regrettably precluded including it in our studies, but its weak or inactive kinase (31) (32) (33) , divergent N-terminal lobe receiver site sequence (25, 42, 43) , and closer relationship to ErbB4 strongly suggest that its intracellular region has evolved to serve solely if not preferentially in the activator role.
Two physical bases likely underlie specific activator-receiver preferences among ErbB proteins. The first is sequence variability. Although amino acids present in the ErbB asymmetric dimer interface are highly conserved, more variability is seen in N-terminal lobe and juxtamembrane latch regions (receiver kinase) than in C-terminal lobe regions (activator kinase) ( Fig.  8) . Although it is difficult to parse the energetic contributions of individual amino acid substitutions to interaction interfaces, N-terminal lobe and juxtamembrane latch differences thus appear to be more likely sources of activator-receiver preference variability. A second potential factor influencing kinase activator-receiver preferences is the intrinsic balance between active and inactive kinase conformations. Receiver kinases are stabilized in the active state (25) , and any relative preference for the active state among ErbB kinases will enhance their ability to serve in the receiver role. An example of this phenomenon is apparent in the recent observation that ErbB1 kinase-activating mutations associated with lung cancer greatly enhance the ability of ErbB1 to function as a receiver kinase (44) . We are not aware of any evidence suggesting that the ErbB1 kinase more FIGURE 8 . Alignment of ErbB intracellular domain sequences. A sequence alignment was generated using ClustalW2 (52) . N-terminal lobe (receiver) interface residues are colored orange, C-terminal lobe (activator) interface residues are colored red, juxtamembrane residues are colored green, and C-terminal latch residues are colored blue. Purple marks indicate sequence variation in highlighted regions. Variation occurs in only 16 of the 57 residues found in activator/receiver interfaces. Hs, Homo sapiens. strongly favors an active conformation than the ErbB4 kinase under basal conditions, however, and only note this mechanism as a possibility.
We note that we have considered the activity of coexpressed ErbB proteins and ErbB variants in the context of homo-and heterodimers but cannot rule out the possibility of higher order ErbB oligomers. In particular, heteromeric ErbB complexes may consist of tetramers formed by dimerization of distinct homodimers (45) . Whatever the stoichiometry of ErbB heteromers, however, our results indicate that the canonical asymmetric kinase dimer (25) and the activator-receiver preferences uncovered here are operative within any higher order oligomer. We have also considered cis-phosphorylation to be negligible, as wild-type ErbB1 and ErbB2 phosphorylated only in trans when paired with an activating ErbB ( Figs. 6 and 7) , but we cannot exclude the possibility that cis-phosphorylation may account for some of our observations. We were intrigued by the apparent ability of the ErbB2 kinase in the context of the B1b2 chimera to switch roles and serve as the receiver kinase relative to the B2b1 chimera (Fig. 4D) . The ability of the B1b2 C-terminal tail to become autophosphorylated through homodimers suggested that the phosphorylation state of ErbB2 might influence its preference for serving as the activator or receiver kinase. Substitution of five ErbB2 C-terminal tail tyrosines with phenylalanine within the B1b2 chimera did not affect its ability to switch roles and serve as the receiver kinase when paired with B2b1, however, and the basis for this role reversal needs further investigation.
In addition to functional ErbB1 and ErbB4 homodimers, earlier studies of coexpressed ErbB proteins found evidence for all possible ErbB heterodimers and identified a hierarchy of ErbB interactions in which ErbB2 appears to be the preferred partner of all ErbB proteins (8 -10, 46) . Our identification of a distinct hierarchy of ErbB kinase interactions is essentially an independent phenomenon, however, as ErbB kinase activator-receiver preferences contribute only partially, if at all, to overall receptor interaction hierarchies. Rather, kinase activator-receiver preferences determine which kinases become active and which C-terminal tails become phosphorylated within specific ErbB heterodimers. Assuming nonequivalent (i) kinase substrate specificities and (ii) sets of downstream effectors that interact with phosphorylated C-terminal tails (3, 40) , which kinases and/or C-terminal tails become activated will determine the signaling output from a given input. We presume that activating an ErbB kinase independently of phosphorylating its C-terminal tail or vice versa, which is a consequence of kinase activator-receiver preferences, will thus result in qualitatively different signaling outputs.
In cells expressing both ErbB1 and ErbB4, for example, ErbB1/ErbB4 heterodimers appear to form in response to both EGF (an ErbB1-specific ligand) and NRG1␤ (an ErbB3-and ErbB4-specific ligand). Due to the preference of the ErbB1 kinase for the receiver position when paired with ErbB4, however, the signaling response to EGF and NRG1␤ will be different. Following EGF treatment, the ErbB1 (but not ErbB4) kinase will be activated, and both the ErbB1 and ErbB4 C-terminal tails will become phosphorylated. In response to NRG1␤, the ErbB4 and ErbB1 kinases will be activated, but only the ErbB4 C-terminal tail will be phosphorylated. This receptor activation and phosphorylation pattern rationalizes previous reports that EGF, but not NRG1␤, stimulates recruitment of the ErbB1 C-terminal tail effectors Shc and Grb2 (8, 47) . Furthermore, the ErbB2-dependent responses of cells coexpressing ErbB1 and ErbB2 will likely differ from those of cells coexpressing ErbB4 and ErbB2 (Fig. 9B ). In the former case, the ErbB2 C-terminal tail will become phosphorylated, but the ErbB2 kinase will not be activated. In the latter case, the ErbB2 kinase will be activated, but its C-terminal tail will not be phosphorylated. Consistent with this scheme, a previous study has shown that anchorage-independent growth of T47D cells expressing ErbB4 requires ErbB2 kinase activity, but not ErbB2 C-terminal tail phosphorylation ( Fig. 9C) (48) .
The four human ErbB proteins constitute an intertwined signaling network tuned to respond to at least 11 ligands with differing specificities and affinities for individual ErbB proteins. We have shown here that the roles of kinases in asymmetric kinase dimers characteristic of active ErbB heterodimers are not coupled to extracellular asymmetry. Within specific ErbB heterodimers, however, individual ErbB kinases show a hierarchy of preference for the receiver or activator position depending on their partner. This preference hierarchy will influence the nature of the signaling responses of cells expressing multiple ErbB proteins and adds an additional layer of diversity to ErbB signaling.
